Abstract. Wireless power transmission (WPT) technology can solve the energy shortage problem of the video capsule endoscope (VCE) powered by button batteries, but the fixed platform limited its clinical application. This paper presents a portable WPT system for VCE. Besides portability, power transfer efficiency and stability are considered as the main indexes of optimization design of the system, which consists of the transmitting coil structure, portable control box, operating frequency, magnetic core and winding of receiving coil. Upon the above principles, the correlation parameters are measured, compared and chosen. Finally, through experiments on the platform, the methods are tested and evaluated. In the gastrointestinal tract of small pig, the VCE is supplied with sufficient energy by the WPT system, and the energy conversion efficiency is 2.8%. The video obtained is clear with a resolution of 320×240 and a frame rate of 30 frames per second. The experiments verify the feasibility of design scheme, and further improvement direction is discussed.
Introduction
Since 2001, when Given Image Company's "Pill Cam" came out, video capsule endoscope (VCE) has attracted attention in the field of medical engineering [1] . Due to the limited capacity of battery, the recording time of VCE is about 8 to 11 hours, which is shorter than the digestion period of human body, so a part of gastrointestinal (GI) tract cannot be inspected. Meanwhile, the image capture rate is 2 to 8 frames per second and the resolution is 256×256, which would possibly miss the lesion areas [2] [3] [4] . The efficacy of playback functions were compared to reduce the reading time, a high-speed and high-efficiency system was developed, yet none of them reduced the power consumption nor extend the working time of VCE [5, 6] . The insufficient energy supply causes low frame rate, low resolution and short working time, which have impeded the development of VCE in clinical application [7, 8] .
As an effective solution to this problem, wireless power transmission (WPT) system could replace the batteries: human body is placed in the primary coils, VCE is loaded with the secondary coils and driven by inductive energy, which can record video with high resolution and frame rate [9] [10] [11] [12] .
Researchers have proposed the model of three-dimensional (3D) transmitting coils and onedimensional (1D) receiving coils [13] , but the capsule needs to be positioned to set the direction of electromagnetic field, which is sensitive due to the mutual inductance among three coils. Besides, propelled capsules and vibratory-actuation capsules driven by the model of 1D transmitting coils and 3D receiving coil have been proposed [14] , and some other researches focus on the model and principle of electromagnetic field [15, 16] . However, these studies are based on the fixed transmitting coil, which means the human body must lie on the bench all the time. Considering the digestion period of human, this model is hard to achieve. This paper develops a portable wireless power transmitting system, which allows ordinary body actions while supplying energy to VCE. Portability, power transfer efficiency and stability are the main indexes of optimization design. A pair of elliptic solenoids were chosen as the transmitting coils by comparing the structure and weight of three kinds of coil; the uniformity of magnetic field is confirmed by measurement; operating frequency is selected according to the quality factor; transmitting circuit is integrated in a portable box; the magnetic core and winding of receiving coil are determined through tests. Finally, the system is tested on a bench, evaluated through the animal experiments, and the next improvement direction is discussed.
Methods and materials

WPT system overview
The WPT system, as shown in Figure 1 , includes four parts: transmitting circuit, transmitting coil (L 1), receiving coil (L2) and receiving circuit. The control circuit generates an excitation signal at a fixed frequency, which is then amplified to an alternating current (I1) by the H-bridge and thus drives the transmitting coil, where the alternating magnetic field is produced. The induced current (I2) is stabilized by the rectifier and regulator, and drives the VCE system.
The large distance between coils leads to the weak coupling. Thus the transfer eIILFLHQF\ Ș DQG stability need to be raised for sufficient inductive energy. Meanwhile, considering the human body's action, the portability of transmitting system is also a necessity.
Power transfer efficiency
For the WPT system, energy transfer HIILFLHQF\ Ș can be expressed as [14] : 
Where B1 is the magnetic field intensity, S is the orthogonal projection area of receiving coil and ȝ2 is the relative permeability of receiving coil. The angular frequency Ȧ LV corresponding to the operating frequency f. R2 and RL are the impedance of receiving coil and load, respectively. Q1, Q2 and L1, L2 are the quality factors and inductances of transmitting and receiving coil, respectively. Separating these parameters, Eq. (1) can be expressed as:
X1 and X2 are the influence factors of transmitting coil and receiving coil, respectively. It is obvious WKDW WKH IUHTXHQF\ Ȧ TXDOLW\ IDFWRU 41) and inductance (L1) are related to the transmitting coil, and WKH DFWXDO UHODWLYH SHUPHDELOLW\ ȝ2), projection area (S), quality factor (Q2) and inductance (L2) are related to the receiving coil. Thus the system is designed based on X1 and X2.
Design and implementation
Transmitting coils
Coils structure
To control the magnetic field easily, 1D transmitting coils are chosen, which are generally constructed based on solenoid or Helmholtz coils. Helmholtz coils consist of two identical circular plane coils placed symmetrically along a common axis and separated a distance of the coil radius. Comparing the induced magnetic field, the former is while the latter is To combine their advantages, the model of a pair of solenoids is put forward. It consists of two identical solenoid coils with a relative position similar to that of the Helmholtz coils, and the circular coils are transformed into elliptic to alleviate weight and fit the normal human body. These structures of transmitting coils have been shown in Figure 2 .
The transmitting coils are constructed with Litz wire (180 strands of AWG 38), and winded for 28 turns of each coil. The shape is firmed by packaging adhesive, which is light and stable. The weight of the prepared coils is 2.1 Kg. As shown in Figure 3 (a), the long axis is 400 mm, the short axis is 300 mm, the distance between two coils is 200 mm, and the total height is 270 mm. After putting on through the special straps by an adult male, the distance between the coils and the body is less than 15 mm, as shown in Figure 3 (b). from each other with denser, more uniform. 
Magnetic field distribution
Magnetic flux heterogeneous distribution could result in energy shortage in somewhere of a given space, thus it is necessary to test the uniformity of magnetic field. The transmitting coils are fixed on the bench and fed with a DC current of 1 A. The magnetic field intensity is then sampled equidistantly (10 mm) using gauss meter (460 Gaussmeter, LakeShore) on a three-axis instrument table. Figure 4 shows the magnetic field distribution of the middle radial plane of transmitting coils, indicates the uniformity in the working area of transmitting coils by the contour of 1.42 Gs. It can be noticed that the intensity in the central area is a little less than that in the rim. In this area, the maximal value is Bmax=1.720 Gs, the minimal value is Bmin=1.577 Gs, and the average value is B0=1.683 Gs. $FFRUGLQJ WR WKH GHILQLWLRQ RI XQLIRUPLW\ Ȗ %max-Bmin)/B0 Ȗ ZKLFK LV ODUJHU WKDQ WKH RSWLPDO value 6% in [7] , but considering the geometric shape and the single layer of coils, the uniformity of this transmitting coils is within the allowable range.
Transmitting frequency
According to Eq. (2), the influence factor of transmitting coils (X1) includes frequHQF\ Ȧ TXDOLW\ factor (Q1) and inductance (L1), which can be described as:
Through measuring the quality factor and inductance of transmitting coils by impedance analyzer (HITESTER 3532, HIOKI) at the frequency from 100 KHz to 400 KHz, the influence factor (X1) can be calculated, and the results are shown in Figure 5 . More than six orders of magnitude between L1 and the other two parameters, thus X1 is mainly LQIOXHQFHG E\ Ȧ DQG 41. The maximum values of X1 and Q1 appear at the frequency of 208 KHz, which leads to WKH RSWLPXP YDOXH RI HQHUJ\ WUDQVIHU HIILFLHQF\ Ș LQ WKH SDUW RI WUDQVPLWWLQJ FRLOV based on Eq. (2). Therefore, 208 KHz is chosen as the transmitting frequency.
Receiving coils
A 3D receiving coil is designed to ensure inductive energy while the orientation of coil changes. It is actually a combinatory of three coils, which are geometrically orthogonal to each other and winded on a common ferrite core layer by layer. The cross-sectional view is shown in Figure 6 .
Magnetic core
The definition of induced electromotive force can be described as:
Where Im is the amplitude of transmitting current, B1 is the magnetic field intensity, S is the RUWKRJRQDO SURMHFWLRQ DUHD Ȧ LV WKH IUHTXHQF\ DQG ȝ LV WKH SHUPHDELOLW\ Thus the aUHD FRHIILFLHQW ȟ LV presented, which synthesizes 6 DQG ȝ, for evaluating the actual relative permeability. The ȟ ensures the inductive energy of each coil is approximately equal, which is described as:
Where Sair and Score DUH WKH VXUURXQGHG DUHD RI DLU DQG FRUH UHVSHFWLYHO\ ȝ0 DQG ȝc are the relative permeability of air and core, respectively. The area coefficients ȟi) correspond to the influence factor X2, which reflect the degree of the actual permeability of 1D coil, and are differentiated by the subscript i. Thus the Eq. (4) can be obtained as follows:
It is obvious that when the transmitting parameters are determined, the induced electromotive force İ LV SURSRUWLRQDO WR WKH DUHD FRHIILFLHQW ȟ :LQGLQJ WKH FRUHV WR WKH calculated sizes, placing them in the same transmitting condition and testing İ and ȟ FDQ EH FRPSDUHG &RQVLGHULQJ WKH HUURU FDXVHG E\ manual operations, each size of 1D coil is prepared three times, and the transmitting currents are 0.5 A, 0.8 A and 1.2 A, respectively. The test result is shown in Figure 7 . The curves in Figure 7 VKRZ WKDW WKH SURSRUWLRQ DQG FKDQJLQJ WUHQG RI İ NHHS FRQVLVWHQW ZLWK ȟ which proves the linear relationship between them 7KHUH DUH PD[LPXP YDOXHV RI İ DQG ȟ ZKHQ WKH diameter of core is 6.0 mm, the size of which is chosen as the magnetic core of receiving coils.
Winding strands and turns
According to the Eq. (2), the influence factor of receiving coils is described as:
Where the quality factor (Q2) and inductance (L2) are the related parameters of receiving coils, when the operating frequency and magnetic core are chosen. These two parameters are both influenced by the winding line. Because of the explicit size of coils and core, the collocations of winding strands (N) and turns (n) are fixed. The relationships of these parameters can be described as:
There must be a collocation of N and n, which leads to the maximum values of Q2. Nine kinds of Litz wire are chosen for winding to 3D coils, and the quality factors (Q2) of coils are measured (HITESTER 3532, HIOKI). The coils are connected to resistance of 139 ȍ WKH HTXLYDOHQW UHVLVWDQFH of VCE) and tested in the transmitting coils (208 KHz, 1 A), so that the P2 can be obtained. As shown in Figure 8 , the trend of receiving power is corresponding to the quality factor, which proves that the quality factor directly effects on the receiving energy and efficiency. There are maximum values of Q2 and P when the Litz wire is 2 12-strand, which is chosen as the winding wire of receiving coils. 
Transmitting circuit
To induce a time-vary magnetic field, a full-bridge form of class D inverter is adopted because of the flexibility and the deformation. This class D inverter is composed from four MOSFETs (Q1, Q2, Q3, Q4 in Figure 9 (a)), and driven by two MOSFETs with mutual reverse signals. The square wave signal is produced by the timing generator, and then amplified into a rectangular wave current in the LC tank, which consists of the transmitting coil, resonant capacitor and adjustable inductor in series. Both the Q value and withstand voltage capacity of the resonant capacitors should be as high as possible to reduce the power dissipation.
As shown in Figure 9 (b), the control box is powered by lithium-ion batteries; the MOSFETs are fixed on the board for dissipating heat; the resonant chip capacitors are chosen for saving space; the DC/DC converter is more stable than complicated circuit; in addition, the adjustable inductance is placed in the box to keep a constant operating frequency. The size of the box is 140 mm×100 mm×60 mm, and the weight of that is about 1 Kg, which is easy to be carried.
Tests and experiments
Frequency stability
Slight movement of body could cause little change of inductance, which leads to transmitting frequency drift in a small range. Because of the positive correlation between frequency offset and transmitting power drop (as shown in Figure 5 ), the drift degree of frequency can be evaluated by the reduction degree of current in a fixed driven voltage.
As shown in Figure 10 , when the resonant frequency (f 0) is set to 208 KHz by the signal generator (RIGOL 3101A), the transmitting coils are driven by the current of 1 A. Keeping the driving voltage and changing the frequency every other 0.1 KHz, it is found that the current remains about the same in the range of f0 ±0.5 KHz, which is caused by the reflection effect of electromagnetic wave. Therefore, influence of slight movement can be ignored unless the driving current drops sharply. 
Receiving power
To test whether the receiving power is enough, the transmitting coils are driven by the current of 207 KHz (the resonant frequency is 208 KHz, to simulate the worst frequency drift condition), and a two-axis turntable is put in the center of it, where the magnetic flux density is minimum. Fixing the 3D receiving coils on the bench and pivoting in two dimensions by the spin motors, the receiving power RQ WKH ORDG SXUH UHVLVWDQFH RI ȍ WKH HTXLYDOHQW UHVLVWDQFH RI 9&( FDQ EH PHDVXUHG Figure 11 shows the vaULDWLRQV LQ WKH UHFHLYLQJ SRZHU ZKHQ SLYRWLQJ DQJOHV ș1 ș2) change from 0° to 360° by step of 10° each. When a dimension of receiving coils is perpendicular to the direction of the magnetic field, the troughs of the receiving power appear, and the value is approximately 80 mW. On the contrary, the peaks appear when each dimension has a corresponding angle of 55° with the direction of magnetic field, and the value is approximately 350 mW.
Experiment on platform
In the air medium, the minimum transmitting current is 0.60 A with a driving voltage of 3.67 V, while the power transfer efficiency is 3.5%. The VCE system works normally; the effective communication distance is less than 2.0 m, as shown in Figure 12(a) .
the medium of pork (10 Kg), the minimum transmitting current is 0.63 A with driving voltage of 3.89 V, and the power transfer efficiency is 3.2%. The VCE works normally, and the effective communication distance is less than 1.8 m, as shown in Figure 12(b) . 
As for
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When the transmitting coils are put on an anesthetized pig (20 Kg) and the VCE is swallowed 8 minutes later, the VCE arrives in the stomach and sends video. The minimum transmitting current is 0.67 A with driving voltage of 4.16 V, while the power transfer efficiency is 2.8%. The VCE works normally, and clear images of GI tract can be received with the effective communication distance less than 1.3 m, as shown in Figure 12 (c) . In addition, when the pig is moved in the transmitting coils, frequency drifts in some attitudes, meanwhile the driving current decreases about 0.2 A and the video signal is unstable, which can be restored by turning the adjustable inductance.
In all of these experiments, the resolution of the images is 320×240, and the format of the video is NTSC with the frame rate of 30 frames per second.
Discussions and conclusions
This paper shows important steps toward a portable WPT system, as an alternate of the fixed one. Portability, efficiency and stability are the main indexes of design, which include the transmitting coils, operating frequency, 3D receiving coils and relevant circuit.
Considering portability and controllability, an elliptic pair of solenoids is chosen as the transmitting coil, and the alternating magnetic field can cover the GI tract uniformly. Meanwhile, the strength and distribution of the magnetic field prove that the structure of coil is feasible via measurement. In addition, the transmitting circuits are analyzed, and improved for portability.
Because of the weak coupling limitation, energy transfer efficiency is low. According to the formulas, the influence factors of transmitting coils and receiving coils are presented. The former decides the proper operating frequency by quality factor; the latter can be summarized as the area coefficient and winding strands of receiving coils, for sufficient and stable energy.
When the actual frequency drifts around the resonant frequency within 0.5 KHz, the transmitting current remains almost the same due to the reflection effect of electromagnetic wave. A relatively narrow fluctuation of the inductance changes the frequency a little, and has even smaller influence on the transmitting power. Thus the slight movement of body can be ignored; meanwhile, the sharply drop of driving current caused by environment can be offset by turning the adjustable inductance.
The induced energy varies with the position of 3D receiving coils, which reaches minimum value when a 1D coil is perpendicular to the direction of the magnetic field, and reaches maximum value when each coil has a corresponding angle of 55° with the direction of magnetic field. The variation range of the receiving energy is sufficient to the VCE and acceptable to the receiving circuit.
The prepared system is tested in three environments. Comparing the results above, the power transmitting efficiency gradually decreases from 3.5% to 2.8% with the medium changes from air to living animal, which means the effect of medium on the LC resonance circuit enhances.
The feasibility of portable WPT system has been proved and evaluated. However, the efficiency of it is lower than the fixed one, because the limited space in the control box intensifies the electromagnetic interference; the size and weight of the transmitting coils are inapposite for larger waist; in addition, the video signal is not ideal when the communication is out of range. Thus the future work will be focused on the electromagnetic shielding of transmitting circuit, new structures and materials for transmitting coils, and antennas on body surface to raise the receiving sensitivity. The system will be experimented on animal to check the feasibility more times.
